Abstract -This paper describes a method for reducing the discrepancy between accommodation and convergence when viewing stereoscopic 3-D images. The method uses a newly developed stereoscopic 3-D display system with a telecentric optical system and a mobile LCD. The examination of a mono-focal lens showed that a correction lens having the appropriate refractive power and conditions for presenting stereoscopic 3-D images clearly reduces the discrepancy between accommodation and convergence. The authors also developed a stereoscopic 3-D display that uses dynamic optical correction to reduce the discrepancy between accommodation and convergence. The display equalizes the theoretical points of accommodation and convergence. The purpose of the development was to expand the regeneration range of a stereoscopic 3-D image having the appropriate accommodation. An evaluation of the developed display showed that it resolves the discrepancy between convergence and accommodation.
Introduction
Stereoscopic 3-D images are a new type of image media that presents more sophisticated information than is possible with 2-D images. In recent years, several autostereoscopic 3-D displays have been developed and marketed. Since autostereoscopic 3-D displays can be viewed without using special glasses, they are expected to become more popular in the future. Moreover, stereoscopic 3-D images are expected to find application beyond their current use in medicine and entertainment. Despite signs of growing demand for stereoscopic 3-D images, 3-D devices are not widely used due to the lack of 3-D content and the problem of asthenopia during viewing. The main cause of asthenopia is thought to be a discrepancy in visual representation between the accommodation and convergence points. 1 Many studies have investigated this discrepancy using various types of stereoscopic 3-D displays. 2, 3 In this study, the authors tried to reduce the discrepancy through optical correction. At the beginning of the examination, the authors carried out basic experiments using a mono-focal lens in order to find ways to reduce the discrepancy between accommodation and convergence. The authors then developed a stereoscopic 3-D display with dynamic optical correction by applying the examinations for a mono-focal lens. The stereoscopic 3-D display reduces the discrepancy and thus reduces visual fatigue.
In this paper, the authors describe their examination of the mono-focal lens, the principle of the display that they developed, and the effectiveness of dynamic optical correction. The purpose of this study was to examine the effectiveness of optical correction when viewing stereoscopic 3-D images. Therefore, the authors examined a viewing method incorporating a mono-focal lens and developed a stereoscopic 3-D display with dynamic optical correction.
2
Optical correction of visual discrepancy
Discrepancy in visual representation of stereoscopic 3-D images
The discrepancy in visual representation is the result of the ambiguous depth information produced by accommodation and convergence. The discrepancy arises because accommodation is fixed for a particular display, while convergence determines the position of the represented 3-D image (Fig. 1) . In natural vision, accommodation and convergence produce identical depth information. This discrepancy is a major problem for stereoscopic 3-D displays since it causes visual fatigue in the observer.
Solving the discrepancy in stereoscopic 3-D vision
A number of researchers have examined systems that optically correct the discrepancy between accommodation and convergence. Yanagisawa developed and analyzed a prototype system based on a display with an adjustable focus lens. 4 Bos carried out a theoretical examination of a system in which the viewing glasses contained bifocal lenses. 5 The authors themselves have attached mono-focal lenses to a pair of polarizing filter glasses, thereby achieving a simple method of optical correction. The authors have examined the effects of various correction lenses, demonstrating that using a correction lens of appropriate refractive power and setting appropriate conditions for presenting stereoscopic 3-D images could reduce the discrepancy between accommodation and convergence. For the present study, the authors developed a stereoscopic 3-D display system with dynamic optical correction that reduces the discrepancy in visual representation between convergence and accommodation.
3
Optical correction using a mono-focal lens
Experiment 1: Refractive power of correction lenses
The purpose of the experiment was to examine the effects of the refractive power of correction lenses on the theoretical positions of 3-D images and determine a suitable power. The experiment was performed using three concave lenses of different diopters (-0.12D, -0.25D, and -0.5D) and three convex lenses of different diopters (+0.12D, +0.25D, and +0.5D). Concave lenses were attached to the polarized filter glasses for viewing 3-D images that appeared to be in front of the display, and convex lenses were attached for viewing 3-D images that appeared to be behind the display. Table 1 shows the apparent positions of the 3-D images and their disparities from the lenses at a viewing distance of 50 cm. The subjects viewed the 3-D images corresponding to the refractive power of the added lens for 15 minutes using a 15-in. liquid-crystal display with a polarizing filter. The presented images were a square, a circle, and a triangle. These were randomly presented at the center of the display at 5-sec intervals. In order to confirm that the subjects were always carefully viewing the visual targets during image presentation, they were required to click a hand-held button when a circle was presented. Figure 2 shows a scene from one of the image presentations.
To determine the level of visual fatigue in the subjects, the accommodative response time and asthenopic subjective symptoms were measured both before and after the images were presented. The accommodative response time was measured using an infrared optometer, and the time required for the accommodative response to stabilize was determined (Fig. 3) . The stepwise movements of the visual target inside the optometer produced an accommodative response. To examine asthenopic complaints, the authors used Suzumura's subjective symptoms to determine the presence or absence of asthenopia. 6 The question item consists of 37 items classified by the symptom of the conscious asthenopia. The subjects completed a questionnaire using a five-point rating scale. The subjects were nine males, aged 21-23 years old, with emmetropia and normal binocular stereoscopic vision.
After each image was presented, the accommodative response time was measured and converted into a rate of change based on the accommodative response time measured before the presentation. There was a small delay in the far-to-near response time because the absolute value of the disparity was small (Fig. 4) . The near-to-far response time showed a tendency similar to that seen for the far-to-near response time (Fig. 5) . Figure 4 and 5 show the average time of nine subjects. There was also a delay tendency in response time for those 3-D images that appeared to be located mainly in front of the display, while 3-D images that appeared to be located mostly behind the display showed no change in response time. An analysis of the variance confirmed a significant difference of the near-to-far response time (F = 3.704, p < 0.01).
After each image was presented, the asthenopic subjective symptoms were measured and converted into a rate of change based on the symptoms measured before the presentation. In general, there was a small increase in the rate of change when the absolute value of the disparity was small and the 3-D images appeared to be behind the display. Figure 6 shows the average rate of change of nine subjects for "eye fatigue."
Experiment 2: Range of the correction using the mono-focal lens
When viewing 3-D images, accommodation is fixed on the display. Convergence determines the position of the image. Accommodation changes, however, according to the accommodative vergence and the sense of depth. 7 The purpose of experiment 2, therefore, was to find a suitable position for presenting 3-D images. This was accomplished by measuring the refraction while moving a visual target backward and forward.
A simple figure (a Maltese cross) and a nature scene served as the image content. Three sets of experimental conditions were created, as shown in Table 2 . The refractive power of the used correction lens was +0.50D. The visual target was presented for five minutes at a viewing distance of 50 cm and at theoretical depth positions ranging from 30 to 200 cm from the subject's eye. The subjects were five males, aged 21-23 years old, with emmetropia and normal binocular stereoscopic vision.
The refraction was measured with an infrared optometer while the subject viewed 3-D images on the display described above. A dichroic mirror was installed between subject's eye and the optometer. A polarizing filter, a correction lens, and the display were placed over the mirror. This layout permitted refraction to be measured while the subject viewed the images. of the visual target and the measured refraction are plotted on a timeline. Figure 7 shows that 2-D fluctuation in the refraction occurred while 3-D images were viewed. Figure  8 shows the results for the case in which a correction lens was used. It illustrates a shift in the refraction fluctuation to the far point. These tendencies were observed in all of the subjects. No significant difference was seen between the two types of images (simple figure and nature scene).
Experiment 3: Effect of the correction lens and the correction range
The results of experiments 1 and 2 show that 3-D images are most suitably viewed using a +0.25D mono-focal lens at a distance within about 2D of the corrected position. The reason for this is that it was found that the asthenopia was little in the +0.25D condition from experiment 1, and the effective correction range was found from experiment 2. The purpose of experiment 3 was to evaluate the effects of the viewing conditions examined in experiments 1 and 2.
Two viewing conditions were established, one with and one without a correction lens. The accommodative response time before and after viewing, the refraction during viewing, and the subjective symptoms were all measured. The correction lens was a 0.25D convex lens, and the viewing distance was 50 cm. 3-D images were presented for 15 minutes. The image content, consisting of a square, a circle, and a triangle with a 2°horizontal visual angle, were randomly presented at 5-sec intervals at the center of the display described above. The images moved from 2.5D to 1.0D based on the display position (2.0D). Figure 9 shows the theoretical positions of the visual targets over time. The subjects were nine males, aged 21-24 years old, with emmetropia and normal binocular stereoscopic vision.
The accommodative response times for the two viewing conditions were not notably different, but the asthenopic subjective symptoms after viewing showed general increases. It was characteristic that several of the subjects said that they felt tension in the forehead while viewing images without a correction lens, so the results of the subjective symptom, "Headache," for the two viewing conditions were compared. Figure 10 shows the average rate of change of nine subjects. As to the result of "Headache," in the case of viewing with a correction lens, the ratings after viewing did not differ from those before viewing, while in the case of viewing without a correction lens, the ratings were higher after viewing than before viewing. Many cases of asthenopia-induced headaches are caused by an inability to achieve accommodation or convergence. However, it was difficult in experiment 3 to objectively evaluate visual fatigue. Objective evaluation of the effect of a correction lens is a subject for future study. Figure 11 shows the refraction changes for a subject viewing the images with a correction lens. Slight differences in each subject's changes in refraction during viewing were found. It was confirmed that accommodation shifted to the near position of the visual target. Some fluctuations in refraction corresponding to the position of the visual target occurred when viewing without a correction lens, but those fluctuations were near 2-D as the display position and the amplitudes were smaller than when viewing with a correction lens (Fig. 12) .
4
Dynamic optical correction using the developed stereoscopic 3-D display
Purpose
Although optical correction with a mono-focal lens reduces the discrepancy between accommodation and convergence, the correction range for the 3-D image is limited. By deciding the usage and content beforehand, this method can be useful for viewing 3-D images. Image expression, however, remains a problem. To expand the regeneration range of stereoscopic 3-D images with the appropriate accommodation, the authors examined a method of dynamic optical correction.
Development of dynamic optical correction system
Dynamic optical correction involves both hardware and software systems. The hardware is a stereoscopic 3-D display in which the optical power is variable, allowing the accommodation distance to be controlled. The software generates the 3-D image content and controls the optical power of the 3-D display in accordance with the position of the image being represented. With this combination, the theoretical accommodation distance and convergence point can be matched.
The hardware consisted of a 6-in. LCD and a lens system with telecentric optics. The observer views the LCD through a telecentric optical system. By controlling the position of the LCD with respect to the lens system in a front-back direction, the optical power could be altered, thus solving the problem of discrepancy in the visual representation of stereoscopic images. The unique feature of this telecentric optical system is that the size of the image does not vary, even as the distance between the LCD and the lens changes. This telecentric optical system solves the discrepancy in visual representation by allowing movement of the LCD without changing the visual angle. Software adjusts the refractive power in accordance with the position of the objects being represented in the stereoscopic 3-D image (Fig. 13 ).
Stereoscopic vision and representation of the display
The developed stereoscopic system is based on a µPol (micro-polarizer). 8 Stereoscopic 3-D images using the µPol are presented on a single flat-panel display (FPD). Polarizing filters are fitted in front of the display unit to separate the right and left images. Unlike conventional 3-D displays, the disparity between the right and left images is controlled by a telecentric optical system. Optically, it is a single large lens system comprising four lenses, with the result that the image is viewed from two different positions corresponding to the right and left eyes. Since each of the refractions of the lens system varies with the position of LCD, the movement of a represented image in the depth direction evokes convergence in the observer. The angle of convergence created by this system is adjusted so that it is similar to that experienced when viewing a real object. Therefore, the display gives the impression of natural vision with accommodation and convergence providing identical depth information. 
Measuring refraction while viewing 3-D images
Refraction is measured and evaluated while the 3-D display is being viewed. The evaluation function consists of the 3-D display, a dichroic mirror, and an infrared optometer. The 3-D display was improved so that the infrared optometer could be incorporated. The dichroic mirror is set inside the 3-D display. It reflects only the wavelength of the infrared rays from the infrared optometer. This makes it possible to measure the refraction of an observer using the reflection of the infrared rays while the observer is observing 3-D images transmitted by the dichroic mirror. Furthermore, the software has been improved so that it now controls the evaluation unit. As a result of these improvements, it is now possible to synchronize the position of the presented 3-D image with the measured data. Figure 14 describes the measurement function.
Evaluation of dynamic optical correction
Refraction changes were measured with an infrared optometer while the observer viewed 3-D images on the 3-D display. The purpose of this experiment was to verify the effect of dynamic optical correction. A nature scene served as the image content, and two experimental conditions were created, one with and one without a correction lens. The visual target was presented for three minutes at various theoretical depth positions ranging from 40 to 200 cm from the observer's eye. The observers were two males with emmetropia and normal binocular stereoscopic vision. Figures 15 and 16 are scatter diagrams showing the refraction changes for one observer. The theoretical position of the visual target and the measured refraction were plotted on a timeline. Figure 15 shows that although the refraction changed slightly as the visual target moved, the fluctuation of the refraction was fixed in the vicinity of two diopters (50 cm), where the internal LCD was located. However, Fig. 16 shows that the refraction changed significantly as the visual target moved. Similar tendencies were noted in both observers. These results clearly demonstrate the effectiveness of dynamic optical correction in the stereoscopic 3-D display.
Conclusions
In this study, the authors describe a method for reducing the discrepancy between accommodation and convergence when viewing stereoscopic 3-D images. The method uses a newly developed stereoscopic 3-D display system with a telecentric optical system and a mobile LCD. The examination of a mono-focal lens showed that a correction lens having the appropriate refractive power and conditions for presenting stereoscopic 3-D images clearly reduces the discrepancy between accommodation and convergence. Although the mono-focal lens offers only a limited correction range for 3-D images, it is adequate for viewing 3-D images on computers and in theaters using polarizing filter glasses. The authors also describe the configuration and effectiveness of a stereoscopic 3-D display that uses dynamic optical correction to reduce the discrepancy in visual representation between convergence and accommodation. The purpose of the development was to expand the regeneration range of the stereoscopic 3-D image with appropriate accommodation. Moving the 3-D LCD forward and backward through a telecentric optical system varies the refractive power of the 3-D image. An evaluation of the developed display showed that it could resolve the discrepancy in visual representation between convergence and accommodation. Conventional stereoscopic 3-D images give observers the impression of objects popping up too closely or extending too far back. However, the developed 3-D display reduces this type of discomfort. The authors suggest that this improvement derives from the addition of important depth clues to the stereoscopic images in the form of accommodation.
The authors propose the following three ways to further improve the system.
(1) Add a mechanism for the feedback of refraction data to the stereoscopic 3-D image presentation software to make it possible to present appropriate 3-D images for each user. (2) Develop a presentation system with a high degree of freedom. The current software for the developed display provides dynamic optical correction only along a sequence set beforehand. The authors would like to be able to interactively correct the optical power of the 3-D image. (3) Produce content for practical applications. The developed display can present images as if they are actually remote objects. The authors suggest that the display can be used to assist recovery from asthenopia, which is often caused when the eyes focus on a nearby object for a long time, such as when performing visual display terminal (VDT) work.
